Primary hepatocytes form spheroids under some culture conditions. These spheroids exhibit many tissuelike ultrastructures and retain many liver-specific functions over a long period of time. They are attractive for many applications employing liver cells. The ability to maintain their viability and functions at a reduced temperature to allow for transportation to the site of their application will facilitate their use. Furthermore, with their structural and functional similarity, they could possibly be used as a model system for studying various liver ischemias. The effect of hypothermic treatment was assessed by oxygen consumption rate, ATP, H 2 O 2 , and caspase 8 content, as well as albumin and urea synthesis, during and posttreatment. No single outcome variable gives a superlative quantification of hypothermic damage. Taken together, the hypothermic treatment can be seen as increasingly damaging as the temperature decreases from 21°C to 15°C and 4°C. The addition of the chemical protectants glutathione, N-acetyl-L-cystein (NAC), and tauroursodeoxycholic acid (TUDCA) decreased the damaging effect of hypothermic treatment. This protection effect was even more profound when spheroids were preincubated with the protectant for 24 h, and was most prominent at 4°C. The viability of the hypothermically treated hepatocyte spheroids was confirmed by laser scanning confocal microscopy. The method reported provides a means of maintaining spheroids' viability and may allow for their distribution to application sites at a distance.
INTRODUCTION
For many tissue engineering applications, the hepatocyte spheroids need to be transferred to a remote site for use. During the transport process they must remain via-Primary hepatocytes from rat and pig self-assemble into three-dimensional, compacted aggregates called ble, and upon restoring to culture conditions they must retain differentiated functions. To preserve cells for long spheroids when cultured on moderately adhesive surfaces or in suspension (18, 19, 31, 52) . These hepatocyte periods of time, cryopreservation is preferred. However, while cryopreservation protocols have been improved, spheroids sustain a high viability and maintain high levels of liver-specific functions, such as albumin produc-hepatocytes often lose viability rapidly upon returning to 37°C (43) . An alternative is to maintain cells hypo-tion, urea synthesis, cytochrome P450, and glucuronidation activities for extended culture periods (19,20,31,46, thermally at chilled temperatures above freezing. Organs are stored hypothermally while awaiting transplant. Liv-53). Ultrastructurally, they appear to resemble native liver tissue. Adjacent hepatocytes inside spheroids often share ers have been stored at 4°C for up to 24 h in University of Wisconsin (UW) solution and successfully trans-microvilli-lined channels that are delimited by tight junctions (2, 32, 52) . During the spheroid self-assembly planted into patients (45) . UW solution was designed to attenuate damage to the liver caused by cold ischemia process, the surface marker reorganizes and the cell becomes polarized, and channels are formed that resemble and subsequent reperfusion at 37°C. Specifically, it was designed to minimize cell swelling, prevent intracellular bile canaliculi that can accumulate fluorescently labeled bile acid (1). Because of their long viability in culture acidosis, reduce tissue damage by oxygen free radicals, and provide substrates for regenerating ATP (4). and high liver-specific functions, hepatocyte spheroids are attractive as a model for in vitro liver tissue, as well
The damage incurred upon the exposure of cells to various stresses causes ischemic damage that persists as for many applications using liver cells, such as the bioartificial liver (21, 38, 54) .
after the stress condition is removed. In hepatocytes, 376 LAI ET AL.
cold ischemia results in cell swelling and blebbing (17) . Hepatocyte Culture Intracellular ATP is depleted because of damage to the Hepatocytes were inoculated into a 250-ml spinner electron transport chain in mitochondria (27) . The intraflask (Wilbur Scientific, Boston, MA) containing 100 ml cellular pH decreases as a result of acidosis in the cells Spheroid Medium B [Williams' E Medium (Gibco/Life due to anaerobic glycolysis. Much of the damage to the Technologies, Grand Island, NY) supplemented with 0.2 liver, both to hepatocytes and the other cells, is believed U/ml of insulin (Humulin, Eli Lilly, Indianaposlis, to be mediated by reactive oxygen species. A number IN), 100 U/ml of penicillin (Gibco), 100 µg/ml of strepof chemical protectants, especially those minimizing the tomycin (Gibco), 15 mM of HEPES, 5 ng/ml of epiderdamaging effects of reactive oxygen species, have been mal growth factor (EGF), 500 µg/ml of albumin, 150 shown to reduce cold ischemia of liver or live cells. In ng/ml of linoleic acid, 4 ng/ml of glucagon, 20 ng/ml of an isolated rat liver perfusion model, addition of extratripeptide gly-his-lys, 6 µg/ml of transferrin, 1 µM of cellular glutathione was demonstrated to result in better dexamethasone (DEX), 6.25 ng/ml of Na 2 SeO 3 , 0.1 µM hepatocyte viability, lower LDH release, and better bile of CuSO 4 ؒ5H 2 O, 50 pM of ZnSO 4 ؒ7H 2 O, and 30 ng/ml flow compared to controls with no added glutathione. of H 2 SeO 3 ]. Cells were inoculated at a density of 3 × Moreover, intracellular glutathione content was higher.
10 5 cells/ml (52) . Spinner flasks were maintained in a There was also less resistance to circulation (5).
humidified, 5% CO 2 atmosphere at 37°C, with an agita-In this study we examined the effect of hypothermic tion speed of 90-100 rpm. Spheroid formation occurred treatment on the viability of hypatocyte spheroids and within 48-72 h. Spinner flask medium was changed evon sustaining their activities. The aim was to increase ery 24 h by letting the cells settle to the bottom of the our understanding of their responses to hypothermic exflask and then aspirating approximately 50-75% of the posure and eventually to develop a protocol for preservmedia and replacing it with fresh Spheroid Medium B. ing these spheroids for a period of days for various ap-Hypothermic Treatment of Hepatocyte Cultures plications.
The media used was a low bicarbonate Spheroid Me-MATERIALS AND METHODS dium A (Spheroid Medium B, omitting glucagon, trans-Hepatocyte Cell Harvest ferin, DEX, tripeptide, and Se 2 O 3 ) that contained 2 mM NaHCO 3 , 24 mM NaCl, and 15 mM HEPES. The me-Hepatocytes from 4-6-week-old male Sprague-Dawley rats weighing 200-250 g were harvested by a dium was prepared using a lower concentration of bicarbonate to allow the hypothermic treatment to be per-two-step in situ collagenase perfusion technique modified from Seglen (25, 41) . All chemicals were obtained formed in ambient air, rather than a 5% CO 2 atmosphere. For hypothermic experiments, 10 ml aliquots of spher-from Sigma Aldrich (St. Louis, MO) unless otherwise noted. Rats were anesthetized with pentobarbital (Nem-oids from 48-h spinner flask culture were removed and placed in a 50-ml centrifuge tube. Medium (10 ml) at butal, Abbott Laboratories, N. Chicago, IL) at a dose of 4.5 mg/g body weight. Following portal vein cannula-the hypothermic treatment temperature was added and gently mixed. The suspension was allowed to settle. tion, perfusion was performed at 25 ml/min for 15 min with perfusion solution I (Per I), which contained 143
Then the supernatant was removed and the cell pellet was resuspended in 5 ml medium at the desired tempera-mM NaCl, 6.7 mM KCl, 10 mM N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES; Life Technolo-ture.
To maintain a constant treatment temperature, the gies, Grand Island, NY), and 0.1% ethylene glycol-bisaminoethyl ether (EGTA) at pH 7.2. A second perfusion samples were handled slightly differently. For 4°C and 37°C, samples were kept in a 4°C and 37°C environ-at 20 ml/min for 10 min was then performed with perfusion solution II (Per II), which contained 67 mM NaCl, mental rooms; for 15°C, samples were submerged in a circulating pan connected to a cooling water bath kept 6.7 mM KCl, 4.8 mM CaCl 2 , 100 mM HEPES, 1.0% fatty acid free bovine albumin, and 0.05% collagenase at 15°C. For 21°C, samples were kept in ambient air and controlled at 21 ± 1°C. (clostridiopeptidase A, Sigma #C-0130 type) at pH 7.2. The liver was removed from the rat and transferred to a After hypothermic treatment, the spheroids were removed from the tissue culture flask and transferred to a petri dish containing cold Williams' E medium. The liver was then gently combed to remove hepatocytes. centrifuge tube. The spheroids were allowed to settle and then all but 1 ml of the supernatant fluid was re-This suspension was filtered through 100-µm sterile nylon gauze. The filtered cells then underwent three cen-moved. Then 1 ml warm Spheroid Medium B at 37°C was added dropwise to each tube. The tubes were mixed trifugal (50 × g for 1 min) washings in Williams' E medium. Each rat harvest yielded 5-10 × 10 8 hepatocytes.
gently and placed in a 37°C water bath for 5 min. At this time, 2 ml warm medium was added gently to the Postharvest viability was at least 85% by trypan blue exclusion.
tubes; they were mixed and put back into the water bath for 5 min more. After that, 6 ml warm medium was in 3 ml of medium at the desired temperature. This suspension was then carefully drawn into a glass syringe added, the contents mixed, and the tubes returned to the water bath for 5 min. Following this last incubation, 2 such that no air bubbles were introduced. Samples were periodically introduced to the blood gas analyzer for up ml of cell suspension was added to each agar-covered tissue culture flask. Cultures were maintained in a hu-to 1 h, and the partial pressure of oxygen was measured. Syringes were rotated in between measurements so that midified incubator at 37°C with a 5% CO 2 atmosphere.
Agar gel was used to prevent spheroids from spread-spheroids remained suspended in the medium. Samples were maintained at the temperature of interest for the ing on the flask surface. The agar gel-covered tissue culture flasks were prepared by pouring 2 ml of 2% (w/v) duration of the measurement period. OUR were determined by plotting the measured partial pressures versus agar (Difco Laboratories, Detroit, MI) in PBS on the 25 cm 2 flasks. The agar-covered flasks were incubated at time and determining the slope of the least-squares-fitted line. This number was converted to molar concentration 37°C in 3 ml Spheroid Medium B for 24 h before use. At time of use, this medium was removed and 1 ml fresh using an oxygen solubility of 1.29 × 10 −9 mol O 2 /mmHg/ ml at 37°C. medium was added. Culture dishes were sacrificed daily for analysis of viability and liver-specific function.
Chemical Assays Six different additives were investigated as potential hypothermic protectants. They were supplemented in the ATP Assay. ATP was measured using a bioluminesfollowing concentrations: 25 g/l trehalose, 2 mM taurcence assay kit from Roche (HS II; Indianapolis, IN). oursodeoxycholic acid (TUDCA) (29) , 3 mM glutathi-Cells (1 × 10 6 ) were incubated in 1 ml of cell lysis reone (5), 5 mM N-acetyl-L-cysteine (9), 3 mM glycine agent for 5 min at room temperature. Then 100 µl was (24,51), and 2 mM CaCl 2 (8). All components are from transferred into a luminometer tube and 100 µl of lucif-Sigma Chemical.
erase reagent was added. Measurements were taken with a luminometer (TD-20/20, Turner Designs, Sunnyvale, Viability Distribution CA) after a 1-s delay and were integrated for 1-10 s. Hepatocyte cultures were stained with fluorescein di-Luminescence readings were converted to concentraacetate (FDA; Sigma) and ethidium bromide (EB; Sigma) tions using a log-log plot of standard curve data. for determination of viability (25). In viable cells, FDA Hydrogen Peroxide Assay. Intracellular hydrogen is cleaved by esterases to fluorescein, whereas EB binds peroxide was measured using a chemiluminescent detecto the DNA of dead cells. Upon excitation at 488 nm, tion kit from Assay Designs, Inc. (907-012; Ann Arbor, viable cells appear green in the cytosol, and dead cells MI). Briefly, 1 × 10 6 cells were incubated with 1 ml of appear red due to excitation of EB in the nuclei. Stock cell lysis reagent for 10 min at room temperature. Then solutions of FDA [5 mg/ml in dimethyl sulfoxide 100 µl of substrate was placed into the luminometer tube (DMSO)] and EB (40 µg/ml in PBS) were mixed to a and mixed for 10 s with 100 µl of sample solution. Affinal concentration of 10 µg/ml FDA:40 µg/ml EB.
terwards, 100 µl of trigger solution was placed into the Samples were examined with an epifluorescence microtube. Measurements were taken with a luminometer scope (Nikon Diaphot) linked to a confocal scanning la-(TD-20/20, Turner Designs). ser system (MultiProbe 2000, Molecular Dynamics).
Lactate Dehydrogenase Assay. Aliquots (0.5 ml) of Samples were excited with the 488 nm line of the argon the hepatocyte suspensions were centrifuged (10,000 × laser. Emitted wavelengths greater than 600 nm were g for 1 min in an Eppendorf microcentrifuge (Brinkman collected for EB detection. Emitted wavelengths be-Instruments, Inc., Westbury, NY). Then LDH activity tween 515 and 545 nm were collected for FDA detecwas determined both in the supernatant (extracellular tion. These wavelengths were collected simultaneously LDH) and in an ultrasonically disrupted cell suspension by using a beam splitter and two photomultiplier detec-(extracellular LDH) by following the rate at which tors. Samples were optically sectioned, and viability was NADH was converted to NAD at 340 nm in the presassessed by examining the distribution of FDA and EB ence of pyruvate (15) . fluorescence.
Caspase 8 Assay. A colorimetric assay kit was used Oxygen Consumption Measurements in Spheroids from Clontech (K2029-1; Palo Alto, CA). The assay uses the spectrophotometric detection of the chromo-Oxygen uptake rates (OUR) of spheroids were determined from dissolved oxygen measurements using a phore p-nitroaniline (pNA) after its cleavage by caspase 8 from IETD. The irreversible inhibitor IETD-fmk was blood gas analyzer (Model 248, Bayer Corporation Diagnostic Division, Norwood, MA). Spheroids were re-used a negative control. Cells (1 × 10 6 ) were resuspended in 50 µl of chilled cell lysis buffer for 10 min. moved from culture and were allowed to settle. The supernatant was removed and spheroids were resuspended
The cell lysates were then centrifuged for 3 min at 4°C.
The supernatants were then transferred to clean micro-a transilluminator. Digital images were acquired using a Kodak DC120 (Kodak, Rochester, NY) digital camera. fuge tubes and placed on ice; 50 µl of 2× reaction buffer containing DTT was then added to each sample. Then 5
Total RNA was converted to cDNA using a one-step RT-PCR procedure in a 25 µl reaction mixture of 0.5 µl µl of the 4 mM IETD-pNA substrate was added to each tube and allowed to incubate at 37°C for 2 h in the dark.
RT/Platinum Taq mix (Life Technologies), 0.2 mM of each dNTP, 1.2 mM MgSO 4 , 0.5 µg template RNA, and Afterwards, the samples are read at 405 nm using a spectrophotometer (UV-160, Shimadzu, Kyoto, Japan). 0.4 µM primers (Integrated DNA Technologies, Coralville, IA) (48) . The oligonucleotide primers used for Absorbance readings were converted to concentrations using a standard curve.
cDNA amplification are shown in Table 1 . β-Actin was used as normalized gene (24). The RT-PCR was carried Urea Assay. Urea assays were performed using a out in a Touch Gene (Techne, Cambridge, UK) thermal Urea Nitrogen Kit from Sigma (No. 640). The method is cycler. For the cDNA synthesis and predenaturation, one based on the hydrolysis of urea to ammonia and carbon cycle was performed of 50°C for 45 s and 94°C for 4 s. dioxide by urease. Samples (100 µl) were incubated cDNA fragments were amplified by PCR using 35 cywith 0.3 ml urease for 20 min at room temperature. Then cles. The melting and extension cycles were performed 0.6 ml phenol nitroprusside solution, 0.6 ml alkaline hyat 94°C for 15 s and 72°C for 30 s, respectively, while pochlorite solution, and 3.0 ml water were added in that the annealing cycles were conducted at the listed temorder, with mixing after each addition. The solutions perature (see Table 1 ) for 30 s. RT-PCR products were were then allowed to sit at room temperature for 30 min separated on a 2% agarose gel. Similar to RNA sample while color developed. Absorbances were measured at gels, ethidium bromide-stained gels were imaged on a 540 nm using a spectrophotometer (UV-160, Shimadzu).
transilluminator using a digital camera. Absorbance readings were converted to concentrations by using a standard curve.
In Situ Measurement of PROD Activity. PROD activity was assessed as described previously (53) . Samples Albumin Assay. Albumin concentrations were deterwere examined for PROD activity with a 10×/0.45 obmined by a competitive ELISA. Experimental samples jective lens on an inverted epifluorescence microscope and 10 µg/ml rat albumin (Sigma) samples were each (Nikon Diaphot, Nikon Inc., Melville, NY) connected serially diluted and then combined with peroxidaseto a confocal laser scanning system (MultiProbe 2001, bound polyclonal rabbit anti-rat albumin (Cappel, Dur-Molecular Dynamics, Sunnyvale, CA) (48) . Prior to miham, NC). After 2-h incubation at 37°C, sample aliquots croscopic observation, culture media were replaced with of 100 µl were added to precoated Nunc Maxisorp plates 3 ml prewarmed assay medium, consisting of Williams' (Nunc, Naperville, IL). The Nunc plates were precoated E medium without phenol red and supplemented with by adding 100 µl rat albumin (100 ng/ml in PBS), incu-25 µM dicumarol and 2 mM probenecid. Dicumarol, an bating in a humidified chamber for 2 h, and washing inhibitor of DT-diaphorase, and probenecid, an ion three times with 0.05% Tween-20 (Bio-Rad, Melville, transport inhibitor, were included in the assay medium NY) in PBS. After sample aliquots were transferred, the to retain intracellular resorufin. To detect PROD activ-Nunc plates were incubated at room temperature for 2 h ity, the incubation medium was replaced with 2 ml of in a humidified chamber. Plates were then removed from assay medium in 60 × 15-mm dishes. This assay methe chamber and washed three times with 0.05% Tweendium contained 20 µM pentoxyresorufin (Molecular 20 in PBS. Next, 100 µl of 55 mg/ml 2,2′azino-di-[3-Probes, Eugene, OR) and 2.0% DMSO (v/v). The cells ethylbenzthiazoline-6-sulfonate] (Roche Molecular Biowere then incubated for 30 min in a humidified 5% CO 2 chemicals, Indianapolis, IN) in buffer (0.1 M sodium 37°C incubator. Subsequently, fluorescence and transcitrate, pH 4.2, with 0.1 µl 30% H 2 O/100 µl) was added.
mitted light images were acquired at room temperature. The plates were incubated again in the humidified chamber for 1 h. Finally, the plates were read on an auto-RESULTS mated plate reader. The differences in absorbances at Effect of Hypothermic Temperature 405 nm and 495 nm were correlated to rat albumin conon Oxygen Consupmtion centration.
RNA Isolation and RT-PCR. Approximately 7 × 10 6
In a preliminary study, the viability of hepatocyte spheroid maintained at 4°C in UW solution and in cell hepatocyte spheroids were harvested and kept in liquid nitrogen until total RNA isolation. Total RNA isolation culture medium was compared. Spheroids incubated in UW solution were shown to have lower viability after was extracted by TRIzol reagent (Life Technologies) (48) . Purity and integrity of total RNA isolation prod-a 24-h hypothermic treatment at 4°C (11). The higher viscosity of the UW solution makes it more difficult to ucts were verified by separation on a 1.4% agarose gel. Gels were stained with ethidium bromide and placed on handle the spheroids. Furthermore, the use of UW solu- were measured. Medium samples were taken for mea-tenance is typically carried out at 4°C because this results in a drastic drop in cell metabolism without freez-surement of urea and albumin, which are liver-specific function indicators. The control was spheroids taken ing. It is also convenient; the cells or tissue may simply be kept on ice. However, at a higher temperature cell from the spinner flask and cultured in the same manner as the hypothermically treated cultures. metabolism may be sufficiently slowed to sustain the viability of the hepatocytes. Oxygen consumption is an
The results are shown in Figure 1 , where time 0 is the onset of hypothermic treatment. The first data point indicator of the cell's metabolic activities. We measured oxygen consumption to address the effect of temperature measured was 15 min after the spheroid suspension was shifted to the hypothermic temperature. A rapid decrease on oxygen uptake rate (OUR) to determine the range of temperature to be tested. Our premise is that at a suitable in OUR and the intracellular ATP level was seen upon temperature change. The extent of the drop increased hypothermic maintenance temperature, the OUR should be sufficiently low to reduce the metabolic activity, but progressively with the decreasing temperature. During the 24-h period of hypothermic treatment, OUR remained it might not need to be around 4°C as commonly practiced.
at similarly depressed levels, as did the ATP level for the 21°C case. However, the ATP levels decreased fur-Oxygen consumption was measured using 48-h hepatocyte spheroids formed in spinner flasks. Spheroids were ther from those immediately after the temperature shift for the 15°C and 4°C cases. Hydrogen peroxide, the oxi-removed from the spinner flask and resuspended in fresh Spheroid Medium B at the desired temperature. This dative agent of the hepatocyte's detoxification function and an indicator of oxidative stress, whose concentration suspension was then transferred to an air-tight glass syringe. Oxygen tension in the syringe was measured with is normally put in check by catalase, also increased rapidly upon temperature change. The extent of the increase a blood gas analyzer at various time intervals for up to 1 h. During this time, the spheroid suspension was main-was substantially higher for the 4°C treatment than that for 15°C and 21°C. Upon rewarming to 37°C, the H 2 O 2 tained at the temperature of interest. The syringe was also slowly rotated to keep spheroids in suspension and level in the spheroids subjected to 4°C treatment elevated sharply, indicating an increase in intracellular per-evenly distributed through the syringe. The plot of the dissolved oxygen concentration over time during OUR oxide generation, whereas for the other temperatures the level stayed at similar levels as during the hypothermic measurement demonstrated linear decrease of oxygen over time. Furthermore, at least two different spheroid treatment. Overall, the hypothermic treatments all resulted in higher levels of H 2 O 2 , even 3 days after treat-concentrations were performed to ensure the proportionality of oxygen consumption rates and cell concentration. ment. Another measured indicator of hypothermic "dam-The specific oxygen uptake rates at different temperatures were calculated. Oxygen consumption decreased signifi-age" to the hepatocytes was caspase 8. Caspase 8 is an early determinant of apoptosis; it is the initiator capsize cantly from about 0.6 pmol/cell/h at 37°C, 0.32 pmol/ cell/h at 21°C, 0.06 pmol/cell/h at 15°C, to 0.03 pmol/ in the CD95/Fas pathway, or death receptor-induced pathway, and is activated by the signaling pathways for cell/h at 4°C. At 21°C, the decrease oxygen consumption was 50% of normal culture conditions, while at CD95/Fas and tissue necrosis factor (TNF) (44,56). Caspase 8 rose more slowly under hypothermic treatment 15°C, a drop of over 80% was observed.
Spheroids were suspended in 5 ml of medium in a than H 2 O 2 and OUR. Again, there was a progressive in- crease with the decreasing temperature, and the elevated treated at the various temperatures. At 96 h of culture, the viability stains showed that spheroids incubated at level persisted or increased further after reverting to 37°C.
21°C and 15°C for 24 h had a high viability. However, the presence of a large number of dead cells is seen in The two liver-specific functions measured, albumin and urea synthesis, are both affected by the 24-h hypo-the 4°C treated spheroids. The viability was also assessed by measuring lactate dehydrogenase (LDH) ac-thermic treatment. They both decreased progressively with decreasing temperature during hypothermic treat-tivity in the culture medium. LDH is released from dead cells; thus, its activity in medium is an indicator of the ment. However, even at the 4°C hypothermic temperature there was some urea synthesis after rewarming to extent of cell death. The total LDH (intracellular and that in the medium) and medium LDH were measured. 37°C.
Much of the decrease in the activities measured is At 24 h (i.e., immediately after hypothermic treatment) nearly 89% of total LDH was in the medium in the case likely to be related to the loss of viability. Figure 2 shows viability in representative samples of spheroids of the 4°C treatment, whereas that for 21°C and 37°C was at 15% and 30%, respectively. The level of LDH in the medium increased only slightly more during the next 3 days of cultivation at 37°C. The results indicate that most of the loss of viability occurred during hypothermic treatment.
To assess the cytochrome P450 activities, the hypothermically treated spheroids were induced with phenobarbital (PB) for 48 h, then the CYP2A1 activity was examined by confocal microscopy (Fig. 3 ). Significant PROD activity was observed in spheroids treated at 21°C for 24 h. The method used provides only a qualitative assessment. But it could be seen that spheroids exposed to 4°C had very low PROD activities.
mRNA was extracted from the spheroids at 0, 2, 5, and 24 h after hypothermic treatment and recultured at 37°C. RT-PCR was used to detect mRNA levels of cfos, heat shock protein hsp70, catalase, and glutathione peroxidase using β-actin as a normalizing gene. The gel graphs of the RT-PCR products are shown in Figure 4 . Untreated spheroids expressed c-fos at relatively constant levels. Those treated at 21°C showed a lower expression of c-fos initially, increasing at 5 h before decreasing to the low level again at 24 h. Hsp70 showed a the same levels as the control but subsequently de- creased gradually. The gene expression profile of spher-pounds appeared to be insignificant as judged by the comparison of ATP, H 2 O 2 , and caspase 8 levels. In every oids treated at 4°C was rather similar to those treated at 21°C, except a stronger expression for c-fos and a lower case studied, decreased OUR and ATP levels, reduced synthetic activities of albumin and urea, as well as ele-expression for hsp70. vation in H 2 O 2 and capsize were observed, all indicative The Effect of Protectants of increased level of damaging effect compared with the control (no hypothermic treatment, no additive), and the Many chemical agents have been reported to provide protective effects to hepatocytes under various ischemic damage increased with decreasing temperature, except in the urea level, which appeard to be higher for 4°C. conditions. Preliminary experiments were carried out to test the effect of various compounds: 25 g/l trehalose, With the preincubation of the protectant for 24 h an improved protective effect was seen, especially at 4°C. 2 mM TUDCA, 3 mM glutathione, 5 mM N-acetyl-Lcysteine, 3 mM glycine, and 2 mM CaCl 2 . Three were Comparing every pair of data set for each protectant shown in Figure 5 , with preincubation versus without selected to be examined further. We investigated the effect of protectant as well as the effect of prior incubation preincubation, it can be seen that with preincubation every protectant had an improved effect on some of the with those protectants before hypothermic treatment. The protectant was either added to the spinner flask 24 outcome variables. All cases examined showed an increased intracellular level of ATP with preincubation. h prior to or at the onset of hypothermic treatment.
To more effectively summarize the data, the average Preincubation with glutathione showed a markedly decreased level of H 2 O 2 , while TUDCA reduced the cas-of the last three data points (72, 84, and 96 h) are plotted in Figure 5 . The damaging effect of hypothermic treat-pase 8 activity by nearly threefold with preincubation. Both glutathione and TUDCA reversed the urea and al-ment without any protectant is evident by the elevated levels of H 2 O 2 , caspase, and reduced levels of ATP, bumin synthesis activities drastically by 24 h preincubation. The levels at 15°C and 21°C were almost the same urea, and albumin. The addition of protectant did not have much effect on the control case of 37°C (i.e., no as those without hypothermic treatment. With preincubation, the protective effect of the three compounds was hypothermic treatment) in ATP, urea, albumin, and H 2 O 2 levels. A possibly increased level of caspase with the rather similar. The difference between with and without preincubation was highest for the case of 4°C hypother-addition of glutathione and NAC was observed.
The effectiveness of the hypothermic protectant is mic treatment. The degree of "protective effect" that the preincubation added to the protectant was rather pro-seen by comparing the levels of all outcome variables, because a single one may not be truly indicative. With-found at 4°C hypothermic treatment for almost all additives tested, except for the case of urea synthesis and out preincubation, the protective effect of the com- H 2 O 2 levels, when the culture was added with TUDCA.
fect was most profound for 4°C, which was rarely zero without TUDCA (Fig. 1) . The ATP level for all three The viability of spheroids at 96 h (i.e., 72 h posthypothermic treatment) is shown in Figure 6 . Markedly im-hypothermic treated cultures, similar to OUR, gradually increased upon rewarming. It went up to approximately proved viability was seen even at 4°C (Fig. 6g, h) .
The time course response of various outcome vari-60% and 75% level of the control for 4°C and 21°C, respectively. These levels were slightly higher than ables in the case of the addition of 2 µM TUDCA and preincubation is shown in Figure 7 . OUR and intracellu-those without protectant (about 15% and 65%, Fig. 1 ). Again, TUDCA showed a most profound effect for the lar concentrations of ATP and H 2 O 2 stayed at stable levels during hypothermic treatment. Upon rewarming, 4°C case. For the two cell damage markers, intracellular level of H 2 O 2 and caspase 8, the effect was less pro-OUR increased rapidly, as did caspase 8. Without hypothermic treatment, OUR, ATP, H 2 O 2 , and caspsase all found. However, for the 4°C case, the caspase 8 level decreased significantly with TUDCA preincubation. stayed at relatively similar levels over 96 h. The most significant effect of preincubation with TUDCA was Overall, the most profound change caused by the addition and preincubation of TUDCA was the 4°C hypo-seen with OUR. The oxygen consumption activity gradually increased after rewarming. For the 21°C case, it thermic treatment. Even with the presence and preincubation of TUDCA, the final concentrations of albumin resumed to a similar level as control (without hypothermic treatment). For 15°C and 4°C, OUR returned to ap-and urea were still lower in the case of 21°C hypothermic treatment than the 37°C control. However, the slope proximately 70% and 60% levels, respectively. The ef- of the albumin and urea curves was similar for both the biosynthetic activities of albumin and urea were mostly restored to similar levels of untreated spheroids. 21°C and 37°C after rewarming. The difference in the final concentrations of albumin and urea was thus DISCUSSION largely caused by the different biosynthetic activities during the 24 h of hypothermic treatment. Thus, al-One of the challenges to manufacturing a tissue-engineered product is to devise a method of prolonging the though the other outcome variables indicated the lingering effect of hypothermic treatment, at least for 21°C, product's shelf life to allow for transport to different application sites with minimal change in the cells' func-A correlation of the selected cell damage parameters and cell viability upon hypothermic "damage" thus tionality and viability. The current method of storing cells is cryopreservation, or freezing and storing at very exists. However, the correlation to increased viability under conditions reducing cell damage is not unambigu-low temperatures. While this method has worked successfully for many cell types, it has many disadvantages ous. Preincubation of TUDCA reduced the cell damaging effects of hypothermic treatment, as evident in the for shorter term applications for hepatocytes, especially a large loss of viability once the cells are thawed. An increase in viability and albumin and urea synthesis posthypothermic treatment. However, although the via-alternative method is hypothermic maintenance at a temperature that is significantly colder than 37°C, but above bility was markedly improved, the intracellular levels of ATP and H 2 O 2 did not change significantly for 21°C and freezing. Like donor organ transfer in organ transplantation, cells' shelf-life can be extended through hypother-15°C, compared to those observed without TUDCA (Fig. 1) . The results suggest the outcome variables mea-mic treatment (i.e., preservation at cold temperatures) (22) . The most commonly used temperature for hypo-sured in this study need to be evaluated as a whole; a singular indicator is not necessarily an effective indica-thermic treatment is 4°C, most likely for its convenience.
tor of the damaging effects of hypothermic treatment. The decrease in intracellular ATP levels is clearly a Research in hypothermic storage has largely been driven by the need to store whole organs for transplant.
reflection of reduced energy generation, as indicated by the reduced OUR. Even with a reduced OUR there was As a result, most methods were developed to meet the needs of sustaining the functional state of organs or tis-an increased level of H 2 O 2 . The increase in intracellular H 2 O 2 levels could be due to an increased rate of its pro-sue rather than individual cells. Many different storage solutions have been developed over the past 30 years. duction, or a reduced rate of its removal. The removal of H 2 O 2 is catalyzed by enzymes such as catalase. The Cold storage of hepatocyte spheroids in UW solution has also been investigated (39) . Hepatocyte spheroids overall reduction of reactive oxygen species is related to glutathione level. The increased H 2 O 2 level upon hypo-were stored at 4°C in UW solution for 3 days. At that time, spheroids were rewarmed and cultured under nor-thermic treatment is consistent with the reduced transcript levels of catalase and glutathione peroxidase upon mothermic conditions for 8 days. Normal spheroid morphology and albumin secretion were maintained over rewarming to 37°C. These reduced levels persisted at 24 h after rewarming. The credence of reduced levels of this period. In that study, hepatocytes were cultured in 20% heat-inactivated fetal bovine serum.
catalase and glutathione peroxidase is bolstered by the transient upregulation of c-fos and hsp70. c-fos is often In this study, we first evaluated several parameters related to cellular activities and damage. The oxygen upregulated upon liver damage or regeneration, while hsp70 is a heat shock protein commonly upregulated consumption and intracellular ATP and H 2 O 2 levels all respond rapidly to changing temperatures upon hypo-upon stress conditions. The results thus suggest that the reduced removal of peroxide is at least partially respon-thermic treatment. Those reduced levels of intracellular ATP and OUR, and elevated level of H 2 O 2 persisted sible for elevated level of H 2 O 2 . The role of reactive oxygen species has been impli-upon rewarming. It should be noted that those levels were indicative of reduced cell viability as the number cated in damage due to both cold and warm ischemia (33) . Consistent with the role of reactive oxygen is the shown in Figure 1 is based on the total number of cells inoculated whereas the viability in all three cases of hy-observation that cold-induced apoptosis in hepatocytes coincides with an increase in the cellular chelatable iron pothermic treatment all decreased. The LDH measurements indicate that much of the cell death was during or pool and the inhibition of apoptosis by the addition of iron chelator (34). A number of protectants have been immediately following rewarming, as high levels of LDH were observed immediately after rewarming. Such investigated for reducing the damaging effects of ischemia. Glutathione, an essential tripeptide, plays a central loss of viability is likely to be the combined effect of necrosis and stress-induced apoptosis (12). It has been role in the defense of cells against reactive oxygen species (3). Different agents that modify cellular glutathi-reported that during a 90-min warm ischemia in rat liver cytochrome c was released, indicating mitochondria-one concentrations were tested for their ability to sensitize or protect rat hepatocytes to cold-induced apoptosis mediated apoptosis; upon reperfusion of the liver, caspase 8 level increased (42). In this study we also (50) . Intracellular glutathione concentrations were modulated with a glutathione precursor, NAC, or with gluta-observed increased caspase 8 post-cold ischemia. The results also suggest that the death receptor ligand is thione depleting agents [diethylmaleate (DEM) and buthionine sulfoximine (BSO)]. Untreated hepatocytes likely expressed in those hepatocytes as previously reported for Fas/Fas Ligand expression in HepG2 cells showed time-dependent production of reactive oxygen species, lipid peroxidation, chromatin condensation, and (26). membrane blebbing, decrease in glutathione concentra-TUDCA, in the millimolar concentration range, is a potent inhibitor of Fas-mediated apoptosis, a prominent tion, and protein sulfhydryl groups. However, cold preservation and rewarming in the presence of extracellular mechanism in cholestasis (30) . Taken together, it is not surprising that all those chemical protectants show a glutathione and NAC induced a significant improvement in the morphology, less oxidative stress, and apoptosis, positive effect in reducing the damaging effects of hypothermic treatment at all temperatures tested. as was also repeated by others (35) .
In addition, it has been reported that NAC prevented The effect of preincubation with TUDCA on reducing cellular damage is rather profound, especially for the cocaine-induced apoptosis and membrane lysis of hepatocytes (57) . NAC was further shown to protect isolated case of 4°C, which had the highest negative effect in all cases examined. The posthypothermic treatment albu-hepatocytes from apoptosis induced by chelation of intracellular zinc (23) . NAC protected T lymphocytes from min and urea synthesis almost approached that of the control, which did not receive hypothermic treatment. human peripheral blood from Fas-mediated apoptosis (10) and Jurkat human leukemia cells from nitric oxide-Interestingly, even with the protectant preincubation, the intracellular levels of ATP were still lower and H 2 O 2 mediated apoptosis, whereas exposure to BSO increased this effect (49). Not only are intracellular levels of gluta-was still higher at 72-96 h posttreatment compared to the untreated cells, indicating that "damage" still per-thione important in cell survival of ischemic conditions, but also specifically mitochondrial levels. One com-sisted. The molecular mechanism of such persisted damage is still unclear. It is likely that such effect is the pound that is seen to increase mitochondrial levels of glutathione is the hydrophilic bile acid, TUDCA. Bile result of a more global event, involving many cellular changes, rather than a small number of cellular compo-acids are typically hydrophobic, potentially cytotoxic agents whose accumulation plays a pathophysiologic nents. Nevertheless, our findings should enable one to employ hepatocytes spheroids that have been preserved role in human disease, promoting liver injury and the development of cirrhosis and liver failure (29) . One of at lower temperatures for a duration that is sufficient for transportation to user sites. the emerging processes involved in bile acid-induced cytotoxicity is the recruitment of mitochondrial-dependent
